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Bacterial chromosomal replication forks are very efficient 
protein machines, moving along the template and synthe- 
sizing DNA at nearly 1000 bp/s. Replication by the two 
forks assembled at the origin continues at this rate for 40 
min to copy the entire 4.7 Mb genome. Therefore, it is not 
surprising that these replication forks do not simply stop 
spontaneously when their task is complete. 
Bacterial Chromosomes Carry Specific Sites and 
Proteins That Stall Replication Forks 
In both Escherichia coli and Bacillus subtilis, chromosomal 
replication initiates from a single origin; two replication 
forks travel in opposite directions around the circular chro- 
mosomes and terminate in a region diametrically opposed 
from the origin. The terminus regions of both bacteria con- 
tain multiple sites that bind specific terminator proteins to 
cause replication fork arrest (for review see Hill, 1992). 
The locations of the well-characterized sites (additional 
sites are still being discovered)on the E. col i and B. subtilis 
chromosomes are presented in Figure 1. Termination sites 
stop replication forks only in one orientation. Multiple sites 
are organized to form a "fork trap" such that replication 
forks enter but cannot exit the termination zone. For exam- 
ple, in E. coli, the clockwise replication fork passes through 
TerE, TerD, and TerA, which are in the inactive orientation 
for this fork, before stopping at TerC, which it meets in 
the active orientation. 
Although similar on the surface, the E. coil and B. subtilis 
termination systems are surprisingly different in detail. The 
sites responsible for termination in the two bacteria are 
unrelated, and the proteins that recognize these sites are 
distinct. E. coil Ter sites are 22 bp and recognized by a 
monomer of the Tus protein (for terminus utilization sub- 
stance, also called Tau; molecular weight, 36,000). The 
analogous ites in B. subtilis are 47 bp"imperfect" inverted 
repeats (called IR-I and IR-II) that are recognized by the 
replication terminator protein (RTP). RTP has a monomer 
molecular weight of 14,500 and forms a stable dimer, and 
two dimers act together at each termination site. Tus and 
RTP share little sequence similarity. Most reports state 
they have no detectable homology, although Bussiere et 
al. (1995 [this issue of Cell]) suggest a modest relationship 
in amino acid sequence (22% identity and 40% similarity). 
The relevance of this sequence similarity has not been 
investigated. With the exception of a patch of homology 
between the RTP and the B. subtilis initiation protein DnaB 
(which is unrelated to E. coli DnaB helicase; see below), 
the terminator proteins appear unrelated to other known 
proteins. 
Below is a summary of the characterization of the two 
termination systems. This work illuminates how these pro- 
tein-DNA complexes pause replication forks and the bio- 
logical consequences of replication termination. 
E. coli Ter-Tus Complexes 
The Tus-TerB complex (TeFB is the most extensively stud- 
ied of the E. coli sites) is very specific (KD, 3.4 X 10 -13 M) 
and long-lived (half-life of 550 min) (Gottlieb et al., 1992). 
DNA protection against a variety of reagents indicates that 
the protein makes asymmetric ontacts with the DNA. If 
the protein-DNA complex is viewed in two halves, the half 
of the complex proximal to the site of replication fork arrest 
contains a large number of protected bases on both DNA 
strands whereas the distal half protects only one strand 
(Gottlieb et al., 1992; Sista et al., 1991). 
In vitro, Ter-Tus complexes stall reconstituted replica- 
tion forks initiated at either the E. coli chromosomal origin 
(Lee et al., 1989) or the plasmid pBR322 origin (Hill and 
Marians, 1990). Termination of replication occurs only 
when forks enter the site in the orientation defined as ac- 
tive in vivo. No proteins other than purified Tus are re- 
quired, and replication stops at the first nucleotide of the 
Ter sequence (Hill and Marians, 1990; Lee and Kornberg, 
1992). 
DNA helicases appear to be the replication enzyme tar- 
geted for inhibition (Lee et al., 1989; Khatri et al., 1989). 
Helicases use the energy of ATP hydrolysis to melt the 
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Figure 1. Organization ofthe Replication Initiation and Termination 
Sites on the E. coil and B. subtilis Chromosomes 
The origins of bidirectional replication are labeled oriC, and the two 
replication forks are represented by the DnaB helicases (or analogs). 
The termination sites are labeled Ter for E. coli and IR for B. subtilis. 
The T shape denotes the polarity of the site; replication forks meeting 
the flat side (the top of T) are arrested. The location of the termination 
sites is not to scale: the E. coil sites are located between 23 and 29 
min (TerA, TerD, and TerE), 33 and 36 min (TerB and TerC), and at 
48 min (TerF); thus, these sites are spread over a long distance (1 
min is approximately equal to 50 kb). In contrast, he distance between 
IR-I and IR+II is only 59 bp. 
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DNA duplex. They are probably at the head of the replica- 
tion fork, opening the DNA in front of the polymerase. 
Helicases are assayed by first hybridizing two DNA 
strands, the shorter of which is radioactively labeled, to 
make a partially duplex substrate and then measuring 
ATP-dependent release of the labeled strand, tn the pres- 
ence of Tus, Ter sites placed on such substrates inhibit 
several helicases with the same orientation specificity as 
they block complete replication forks. DnaB, the major 
replication helicase in E. coli; PriA, another E. coli helicase 
involved in replication; and the (~X-type primosome, a repli- 
cation complex containing both DnaB and PriA, are all 
inhibited. UvrD protein (helicase II, involved in DNA repair) 
and Rep (an E. coli helicase involved in replication of some 
phage) have been found to be inhibited in some studies but 
not in others. E. coli helicase I (encoded by the F plasmid), 
SV40 T antigen, and a helicase purified from mouse cells 
(helicase B) are also impeded by Ter-Tus complexes (Hi- 
daka et al., 1992). 
These data suggest that the protein-DNA interactions 
in the Ter-Tus complex form a general "roadblock" to heli- 
cases. However, certain experiments indicate that some- 
thing more subtle is involved in Tus-mediated termination. 
For example, the ability of the Ter-Tus complex to inhibit 
helicases varies depending on the experimental condi- 
tions. DnaB and PriA are much less sensitive to inhibition 
by Ter-Tus on substrates where the helicase is required 
to displace relatively long fragments (250 nt) than when 
they need to melt only a short piece of DNA (Hiasa and 
Marians, 1992). In contrast, even the extensive DNA heli- 
case activity of the (~X-type primosome, a multicomponent 
replication assembly that contains both the DnaB and PriA 
helicases, is inhibited by the Tus-Ter complex. Apparently 
these helicases in the context of a multiprotein replication 
complex are more susceptible to termination than are the 
isolated enzymes. 
Ter-Tus complexes also antagonize strand displace- 
ment DNA synthesis (in which the polymerase melts the 
duplex DNA in its path without the aid of a helicase) by 
E. coli DNA polymerase I and the phage DNA polymerases 
from T5 and T7 (Lee and Kornberg, 1992). Synthesis is 
inhibited by the Ter-Tus complex in both orientations, al- 
though the "correctly" oriented sites are more inhibitory. 
The DNA polymerases also penetrate farther into the Ter 
sites than do complete replication forks. Thus, the pattern 
of inhibition of helicases by Ter-Tus complexes parallels 
that of intact replication forks more closely than does in- 
hibition of polymerases, arguing that helicases are the 
physiologically relevant target of the E. coli termination 
complex. 
B. subtilis IR-RTP Complexes 
The termination complexes in B, subtilis are inverted re- 
peat sequences bound by two dimers of RTP. The subsites 
protected by individual dimers, site A (base pairs 1-14) 
and site B (base pairs 12-30), overlap by 2 bp and are 
both needed for termination (Smith et. al, 1994). The 47 
bp IR-I sequence (IR-I is more extensively studied than 
IR-II) also contains a region not protected by RTP. Al- 
though clearly containing elements of symmetry, IR-I func- 
tions asymmetrically in termination; replication forks en- 
tering the protein-DNA complex from the B side are 
arrested, whereas those entering from the A side continue 
unimpeded. This asymmetry is also evident in the way the 
two dimers interact with the DNA; RTP makes extensive 
contacts with both DNA strands of the B site but relatively 
few contacts with the A site (Langley et al., 1993). Further- 
more, RTP appears to bind to the B site first and in doing 
so assists in filling of the A site. Correlation between DNA 
binding studies and the efficiency of termination at altered 
IR sites indicates that high affinity binding of RTP to a 
DNA site is insufficient o promote termination. A specific 
conformation of the protein-DNA complex only achieved 
by the cooperative interaction of the two dimers bound 
to the overlapping sites has been suggested to be the 
functional complex (Langley et al., 1993; Smith et al., 
1994). 
In vitro analysis of replication termination by the B. subti- 
lis machinery has suffered from a lack of well-character- 
ized replication reactions for B. subtilis plasmids. Re- 
cently, this problem has been partially circumvented by 
the finding that RTP-IR complexes block plasmid repli- 
cation in E. coli and in replication reactions using E. coli 
proteins (Young and Wake, 1994; Kaul et al., 1994). E. coli 
DnaB helicase is inhibited in a polar fashion by B. subtilis 
RTP-IR complexes whereas E. coli helicase II and heli- 
case I are not inhibited (Sahoo et al., 1995). Thus, a likely 
candidate for the natural target of RTP-IR complexes is 
the B. subtilis analog of E. coli DnaB. 
In this issue of Cell, Bussiere et al. report the three- 
dimensional structure of RTP at 2.6 ,~ determined by X-ray 
crystallography. The structure reveals that, as expected, 
RTP is a dimer. A dramatic 8-turn (~ helix forms an antipar- 
allel coiled coil involved in dimerization. Although the 
structure was solved in the absence of DNA, the surface 
opposite the coiled coil is suggested to be responsible for 
DNA recognition. A model of the dimer docked on DNA 
is presented that suggests that the protein forms extensive 
contacts over about 18 bp of DNA. Of interest is an ex- 
posed hydrophobic patch postulated to make protein-pro- 
tein contacts between RTP and a helicase or between 
adjacent RTP dimers. This patch is near a region exhib- 
iting sequence similarity to the B. subtilis initiator protein 
DnaB (which is unrelated to the E. coli DnaB helicase). 
Although little is known about the mechanistic role of B. 
subtilis DnaB in initiation (there is no known E. coli analog 
of this protein), both initiators and terminator proteins may 
need to physically contact helicases. Thus, assigning heli- 
case interaction to this shared region is attractive. 
Current Understanding of the Mechanism 
of Termination 
The E. coli and B. subtilis replication termination systems 
have the following characteristics in common, suggesting 
that these properties may be central to the mechanism 
of replication termination. First, the specific protein-DNA 
complex is sufficient to block replication forks entering 
from one direction. Second, replication forks are stalled 
at the edge of the DNA site, which is protected by the 
bound protein. Third, the termination proteins make asym- 
metric contacts with their DNA sites; more protein-DNA 
contacts are present on the "blocking" side of the complex 
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than on the "nonblocking" side. Fourth, the complexes in- 
hibit E. coil DnaB helicase, the major helicase responsible 
for replication fork movement during E. coil chromosomal 
replication. Based on the ability of the Ter-Tus complex 
to block the movement of numerous proteins that translo- 
cate on DNA, it is attractive to conclude that the complex 
forms a unidirectional "clamp" on DNA that prevents pro- 
teins from passing. However, the contributions of DNA- 
protein contacts and protein-protein contacts to the mech- 
anism cannot yet be separated. Thus, while a clamp-like 
action of the termination proteins undoubtedly contributes 
to their action, specific protein-protein contacts between 
the replication fork and the termination complex probably 
have a role as well. 
Inspection of the arrangement of termination sites on 
both bacterial chromosomes reveals that if forks do not 
stop until they reach a properly oriented termination site, 
the region between termination signals will be replicated 
twice. However, numerous in vivo experiments (see Hill, 
1992) and in vitro replication assays with plasmids carrying 
the E. coil replication origin and multiple Ter sites (Hiasa 
and Marians, 1994) indicate that, for each round of replica- 
tion, only one termination site is usually utilized. Appar- 
ently, the fork that meets a termination site in its active 
orientation first is stalled and waits for the other fork to 
reach the same site. This opposing fork then terminates 
at the same site as the stalled for~, rather than continuing 
to a properly oriented termination site. A replication fork 
halted at a properly oriented termination complex there- 
fore appears to form a barrier to the opposing replication 
fork, ensuring that each segment of the chromosome is 
replicated exactly once. 
An additional question about the termination mecha- 
nism requires investigation. Are the termination com- 
plexes simply replication pause sites, or do they play an 
active role in the disassembly of the replication fork? 
Movement of forks is clearly paused by these complexes, 
and the proteins eventually dissociate, but how the dissoci- 
ation rate compares with that of forks stalled in other ways 
is not yet clear. 
Possible Biological Functions of the Repfication 
Termination Systems 
The purpose of protein-mediated replication termination 
is not fully apparent. Although clearly used in E. coil, B. 
subtilis, and many plasmids, the termination systems can 
be disabled without severe consequence. Nonetheless, 
recent experiments suggest that these systems function 
to prevent overreplication of DNA. Preventing abnormal 
modes of replication that generate multimeric DNA is a 
major consequence of the presence of a functional Ter- 
Tus complex during plasmid replication in vitro (Lee et al., 
1989; Hiasa and Marians, 1994). In the absence of the 
termination machinery, "runaway" replication appears to 
be caused by the failure of DnaB helicase to stop when 
a round of replication is complete. As a result of this failure, 
DnaB helicase continues to unwind DNA, attacking the 
duplex between one of the original template strands and 
a newly synthesized strand (Hiasa and Marians, 1994). 
This continued helicase activity permits continued elonga- 
tion of the 3' end of the nascent DNA made during the 
first round of replication to generate long DNA multimers. 
The ability of the Ter-Tus complex to modulate DnaB hell- 
case prevents this runaway replication in vitro. Ter-Tus 
complexes may also protect against overreplication in 
vivo, since deletion of plasmid Ter sites has been associ- 
ated with accumulation of plasmid multimers. 
Preventing multimer formation is especially important 
for low copy number plasmids (and perhaps by analogy 
the chromosome); a plasmid dimer would be recognized 
by the copy number control machinery as two plasmids, 
yet could not be partitioned into the two daughter cells 
during division. The importance of avoiding plasmid and 
chromosome multimers is highlighted by the presence of 
site-specific recombination systems that resolve them. In 
addition to the Ter sites, the E. coil terminus carries a 
specific recombination site (the dif site) used to convert 
chromosome multimers into monomers; this site is neces- 
sary for normal chromosome segregation and cell division. 
Several other observations associate the E. coil termi- 
nus with DNA recombination. Certain classes of RecA- 
dependent homologous recombination are 10-100 times 
more frequent in the terminus region than at other sites 
on the chromosome (Louarn et al., 1994; Horiuchi et al., 
1994). Some of this high level of recombination is indepen- 
dent of the Ter-Tus system, whereas in other cases Ter 
and Tus are required to observe the elevated recombina- 
tion rates. These data--and the need for specific se- 
quences recognized by the RecBCD recombination en- 
zyme near the terminus sites for the elevated rates of 
recombination--suggest that replication forks stalled at 
Ter sites may be efficient loading sites for the homologous 
recombination machinery (Horiuchi et al., 1994). 
Finally, it is possible the termination machinery may pro- 
vide a way to control replication after initiation. Although 
regulation of replication occurs principally at initiation, un- 
der certain conditions ongoing replication rounds appear 
to be aborted. Examples of such conditions include when 
unscheduled initiations have occurred owing to an over- 
abundance of initiation factors and during amino acid star- 
vation (in B. subtilis) (Henckes et al., 1989). Perhaps in 
these cases, the termination proteins stall forks before 
they reach the normal terminus. The regulatory potential 
of premature fork arrest is further suggested by the obser- 
vation that E. coil encodes a protein that antagonizes the 
termination activity of Tus (Natarajan et al., 1993). The 
role of this protein in vivo is not known, but the possibility 
that replication forks could be paused and released in re- 
sponse to environmental stimuli is intriguing. 
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